Speech intelligibility is currently measured by scoring how well a person can identify 12 a speech signal. The results of such behavioral measures reflect neural processing of the 13 speech signal, but are also influenced by language processing, motivation and memory. Very 14 often electrophysiological measures of hearing give insight in the neural processing of sound. 15 However, in most methods non-speech stimuli are used, making it hard to relate the re-16 sults to behavioral measures of speech intelligibility. The use of natural running speech as 17 a stimulus in electrophysiological measures of hearing is a paradigm shift which allows to 1 bridge the gap between behavioral and electrophysiological measures. Here, by decoding 19 the speech envelope from the electroencephalogram, and correlating it with the stimulus 20 envelope, we demonstrate an electrophysiological measure of neural processing of running 21 speech. We show that behaviorally measured speech intelligibility is strongly correlated 22 with our electrophysiological measure. Our results pave the way towards an objective and 23 automatic way of assessing neural processing of speech presented through auditory prosthe-24 ses, reducing confounds such as attention and cognitive capabilities. We anticipate that our 25 electrophysiological measure will allow better differential diagnosis of the auditory system, 26 and will allow the development of closed-loop auditory prostheses that automatically adapt 27 to individual users. 28 1 Introduction 29
SN R n
: Overview of the experimental setup. We used the Flemish Matrix sentences to behaviorally measure speech intelligibility. In the EEG experiment we presented stimuli from the same Matrix corpus while measuring the EEG. By correlating the speech envelopes from the Matrix and the envelopes decoded from the EEG, we obtained our objective measure.
based on the stimulus reconstruction method and compared it with behaviorally measured speech 80 intelligibility. We do not expect these measures to correspond exactly, as there are some inherent 81 differences, in particular the higher level functions such as working memory and cognitive function 82 that are relied upon for the behavioural measure and not so much for the objective one. However, 83 on the one hand we reduced those differences by the choice of materials and methods, and on 84 othe other hand it remains important to compare our novel objective measure to the current gold 85 standard for measuring speech intelligibility. We used EEG rather than MEG, as it is ubiquitous, 86 can be implemented on a large scale, and is often available for clinical application. 87 2 Methods
88
An overview of our methods is shown in Figure 1 . Briefly, in a behavioral and EEG experiment, 89 we used the same speech stimuli, from a standardized speech test, combined with spectrally 90 matched stationary noise at different signal to noise ratios (SNRs). In the behavioral experiment, 91 we determined the speech reception threshold (SRT). In the EEG experiment, we determined 92 neural entrainment of the speech envelope as a function of SNR, and derived an objective measure. 93 We then compared the SRT with the objective measure on an individual subject basis. 94 The objective measure is obtained by on the one hand determining the slowly varying tempo- lation (see below) between the stimulus speech envelope and the envelope reconstructed by a 153 linear decoder. All implementations were written in MATLAB R2016b.
154
The stimulus speech envelope was extracted according to Biesmans et al (2016), who investi-155 gated the effect of envelope extraction method on auditory attention detection, and found best 156 performance for a gammatone filterbank followed by a power law. In more detail, we used a gam- as it mimics the auditory filters present in the basilar membrane in the cochlea.
164
The speech envelope and EEG signal were band-pass filtered. We investigated performance 165 for a range of filter cut-off frequencies. The same filter (a zero phase Butterworth filter with 166 80 dB attenuation at 10% outside the passband) was applied to the EEG and speech envelope.
167
Before filtering, the EEG data were re-referenced to Cz and were downsampled from 8192 Hz 168 to 1024 Hz to decrease processing time. After filtering, the data were further downsampled to 169 64 Hz.
170
A decoder, is a spatial filter, over EEG electrodes and a temporal filter, over time lags which 171 optimally reconstructs the speech envelope from the EEG. The decoder linearly combines EEG 172 electrode signals and their time shifted versions to optimally reconstruct the speech envelope.
173
In the training phase, the weights to be applied to each signal in this linear combination are channel. If g is the linear decoder and R is the shifted neural data, the reconstruction of the 178 speech envelopeŝ(t) was obtained as follows:
with t the time ranging from 0 to T , n the index of the recording electrode and τ the post-stimulus 180 integration-window length used to reconstruct the envelope. The matrix g can be determined by 181 minimizing a least-squares objective function
where E denotes the expected value, s(t) the real speech envelope andŝ(t) the reconstructed 183 envelope. In practice we calculated the decoder by solving
where R is the time-lagged matrix of the neural data and S a vector of stimulus envelope samples.
185
The decoder is calculated using ridge regression on the inverse autocorrelation matrix. 186 We trained a new decoder for each subject on the story stimulus, which was 15 minutes long.
187
After training, the decoder was applied on the EEG responses to the Flemish Matrix material.
188
To measure the correspondence between the speech envelope and its reconstruction, we cal-189 culated the bootstrapped Spearman correlation between the real and reconstructed envelope. that the following comparisons are true: the correlation at the lowest SNR is lower than the 199 correlations at the middle and highest SNR, and the correlation at the highest SNR is higher 200 than the correlation at the lowest SNR. The band pass filter and temporal integration window 201 were chosen to maximize this measure across all subjects.
202
3 Results
203
As different roles are attributed to different EEG frequency bands, we first investigated the 204 effect of the cut-off frequencies of the band-pass filter that is applied to both the envelope and EEG signal. Next, we investigated the effect of integration window of the decoder. This 206 can be understood as the number of EEG samples following the acoustic stimulus that are 207 taken into account. For both the filter and the integration window we selected the parameter 208 values that yielded optimal monotonicity of the entrainment versus SNR. Finally, using the 209 optimal parameters, we calculated the correlation between the actual speech envelope and the 210 reconstructed envelope for each SNR, derived our objective measure of speech intelligibility, and 211 compared it to the behavioral SRT. 
Behavioral versus Objective

229
Behavioral speech intelligibility was characterized by the speech reception threshold (SRT), i.e.,
230
the SNR yielding 50% intelligibility. It was obtained by fitting a sigmoid function with the
with γ the guess-rate, λ the lapse-rate, α the 232 midpoint and β the slope, to the SNR-versus-intelligibility points for each subject individually 233 (e.g., Figure 4a ). For the behavioral data, γ and λ were fixed to 0, leaving 2 parameters to be 234 fitted to 3 data points, as is common for obtaining the SRT. The mean of the individual SRTs 235 was -7.4 dB with an inter-subject standard deviation of 1.3 dB, ranging from -9.9 dB to -4.7 dB. For the objective data, γ was fixed to 0.03, the chance level of the correlation. The chance 241 level was computed by correlating the reconstructed envelope with a different part of the actual 242 envelope. As a result we fitted the remaining 3 parameters to at least 5 data points. After fitting 243 the function, we derived its midpoint, and used this as our objective measure, which we will refer 244 to as the correlation threshold (CT), e.g., Figure 4b . The benefit of this measure, compared to 245 using the correlation value at a single SNR directly, is that the target SNR, which is subject 246 specific, does not need to be known a priori and that it is robust to inter-subject differences in 247 correlation magnitude.
248
Using individual decoders we were able to obtain a good fit of the sigmoid function for 249 19 of the 24 subjects, i.e., no fitted parameter was equal to its lower or upper bound, and 250 13 consequently derived the CT. We found a significant Pearson correlation of 0.69 between SRT 251 and CT (p=0.001, Figure 6 ). Given the relatively small range of behavioral results for these 252 normal-hearing subjects, from -9.9 dB SNR to -4.7 dB SNR, and a typical test-retest difference 253 of 1 dB of the behavioral measure, this indicates that our objective measure is sensitive to small 254 changes in SRT. We compared a new objective measure of speech intelligibility (the CT) to the behaviorally 257 measured SRT for 24 normal-hearing subjects. The objective measure is based on the correlation 258 between the actual speech envelope and the speech envelope reconstructed from the EEG signal, 259 a measure of neural entrainment to the speech envelope. We fitted a sigmoid function to the 260 resulting entrainment versus stimulus SNR data, and derived the CT as its midpoint. We found 261 a significant correlation between the objectively measured CT and behaviorally measured SRT. than 75 ms). Our stimulus is unpredictable and not particularly engaging, so it is likely that the 280 subjects were not attentive throughout the entire experiment (in spite of the instructions). By 281 using only the early responses we limit the attentional effects. using stimuli with similar statistics in all conditions. Additionally, in previous work, subjective 289 ratings of intelligibility of a non-standardized story were used as the behavioral measurement.
290
The problem is that such measures are prone to large inter-subject differences and larger vari-291 ability than for standardized speech audiometry. We addressed this by using standardized speech 292 material as the stimulus for both the behavioral and EEG experiments. Moreover, the correla-293 tion between actual and reconstructed envelope can differ widely in magnitude across subjects, 294 due to differences in recording SNR of the EEG signal. Therefore we avoided using it directly 295 and instead captured the trend across SNRs by fitting a sigmoid function.
296
Ding and Simon (2013) (2015)).
314
Even with perfect reconstruction of the envelope from the EEG, differences between the CT 315 and SRT can still be expected. First of all, the SRT obtained in a behavioral experiment is not 316 infinitely precise, with a typical test-retest difference of around 2 dB. Second, the two measures 317 do not reflect exactly the same thing: the CT presumably reflects relatively early neural coding of 318 the speech envelope, while the SRT is the product of much more extensive processing, including 319 remembering and repeating the sentence. Another difference is procedural in nature: in the 320 behavioral experiment, we collected a response after each sentence was presented, ensuring the 321 subject's continuous attention. In the EEG experiment we continuously recorded the EEG during 322 the stimulus, and it is likely that the subject's attention lapsed once in a while. We attempted 323 to mitigate these differences by selecting young, cognitively strong listeners, using low-context 324 speech material, clear instructions, and asking the subjects regular questions during the EEG 325 experiment to ensure they remained attentive.
326
To translate this method to the clinic, it first needs to be further validated with a more diverse 327 population with a wider age range, including children, various degrees of hearing impairment, 328 different languages, etc., as it is possible that the optimal signal processing parameters depend 329 on these factors (Presacco et al, 2016) . It also needs to be investigated to what extent attention 330 influences the results. 
